Introduction
The two major Ca 2ϩ sources in neurons are the Ca 2ϩ influx from the extracellular space and the Ca 2ϩ release from internal storage (Berridge et al., 2003) . The latter occurs through ryanodine receptors (RyRs) or inositol-1,4,5-triphosphate receptors (IP 3 Rs). RyRs, triggered by the Ca 2ϩ influx through voltage gated Ca 2ϩ channels on the plasma membrane, rapidly release Ca 2ϩ into the cytosolic matrix with a large conductance. Therefore, this Ca 2ϩ -induced Ca 2ϩ release (CICR) by RyRs acts to boost the intracellular Ca 2ϩ increase in an immediate response to external stimuli. Ryanodine receptors are widely expressed in neuronal cells in the CNS (Furuichi et al., 1994) . Recently, evidence is accumulating that the thalamocortical (TC) neurons in rodents also express both types of intracellular Ca 2ϩ channels, RyRs and IP 3 Rs (Budde et al., 2000; Pape et al., 2004) . However, the physiological function of RyRs in TC neurons has not yet been determined.
The thalamus plays a pivotal role in sensory signal processing, integrating sensory inputs from the periphery and inputs from other brain regions, and then sending the integrated information to the cortex (Sherman and Guillery, 1996) . The firing modes of TC neurons have been implicated in reflecting the status of signal transmission from the thalamus to the cortex (McCormick and von Krosigk, 1992) . In addition, it has been reported that RyRs are highly expressed in ventroposteriomedial/ventroposteriolateral (VPM/VPL) nuclei in the thalamus (Furuichi et al., 1994) , which are the main relay nuclei for innocuous tactile information but also contain neurons which respond to noxious stimuli and relay pain information to the cortex (Peschanski et al., 1983; Willis and Westlund, 1997) . Therefore, we examined a possible role for RyRs in the control of TC firing and their potential function in the pain sensory relay. The results suggest that RyRs in the VPM/VPL nuclei play a substantial role in controlling the excitability of TC neurons and affecting pain signal processing.
Materials and Methods
Animals. All experiments used male F1 hybrid mice generated by the mating of two inbred strains, 129/Sv and C57BL/6J. Animal care and all experiments were conducted under the ethical guidelines of the Institutional Animal Care and Use Committee of the Korea Institute of Science and Technology.
Preparation of brain slices and acutely dissociated neuronal cells. The firing patterns of TC neurons were recorded in acutely isolated brain slices from ϳ4-week-old mice. The brain was sectioned in the coronal plane in ice-cold slicing solution (in mM: 124 NaCl, 26 NaHCO 3 , 1.25 NaH 2 PO 4 , 5 MgCl 2 , 1 CaCl 2 , 3 KCl, and 10 glucose) and incubated for 1 h at room temperature before use. Ca 2ϩ imaging experiments were performed using acutely dissociated cells from 14-to 21-d-old mice. Brain slices were treated at 37°C in an oxygenated HEPES-buffered solution (in mM: 150 NaCl, 3 KCl, 2 CaCl 2 , 10 HEPES, 2 MgCl 2 , and 10 glucose, pH ϳ7.4 and 320 -330 mOsm) containing 2 mg/ml protease XIV (Sigma) for 10 min, followed by an incubation at room temperature for 5 min. After the enzymatic treatment, slices containing the VPM/VPL nuclei were dissected by scalpel cuts, and cells were triturated with fire-polished Pasteur pipettes.
Intracellular Ca 2ϩ imaging. fura-2AM (Invitrogen) was used as the fluorescent Ca 2ϩ indicator. Briefly, acutely dissociated cells were loaded with fura-2 AM (5 g) mixed with 5 l of pluronic acid in HEPESbuffered solution and plated onto poly-D-lysine-coated coverslips in a chamber placed on an inverted microscope (TE3000, Nikon). Then cells were perfused continuously with the buffer at a rate of 2 ml/min. Cells were illuminated with excitation wavelengths (340/380 nm) provided by the IonOptix chopper equipped with a xenon light source and a computer-controlled electronic shutter (Photon Technology International Drug infusion via micro-osmotic pump implantation. For drug infusion into the brain, micro-osmotic pumps (Alzet) were placed in the mouse brain with the tips targeting the thalamic VPM/VPL nuclei (anteroposterior, 1.7; lateral, Ϯ1.7; ventral, 3.5 mm) using a stereotaxic device (Kopf Instruments) as previously described (Kim et al., 2003) . The infusion implant placements were confirmed by postmortem histology.
Visceral pain tests and formalin-induced pain test. Visceral pain tests were performed as previously described (Kim et al., 2003) . Mice were placed in an acrylic cylinder positioned over a mirror angled at 45°to allow the observer an unobstructed view of the paws and abdomen. Visceral pain was induced by an injection of acetic acid (0.6% in saline) into the peritoneum at 6 ml/kg. The writhing responses, including stretching and constriction, were counted to quantify the pain responses. The formalin-induced pain test was performed by a previously described protocol (Berridge et al., 2003) . Ten microliters of 2.0% formalin in saline were injected subcutaneously into the dorsal surface of the left hindpaw. The time spent in pain responses such as licking, biting, and shaking was quantified.
Mechanical pain test. Mechanical pain tests were performed as previously described (Chapman et al., 1985; Kim et al., 2001 ). The mechanical threshold was measured using calibrated von Frey filaments (Stoelting) and was defined as the bending force, in grams, at which the mouse withdrew its hindpaw. The response score was assessed as the total number of hindpaw withdrawals in 10 trials for each filament.
Thermal pain test. Responses to thermal stimuli were measured by Hargreaves' method (Hargreaves et al., 1988; Kim et al., 2001 ) using a plantar test apparatus. Hindpaw withdrawal latency to infrared thermal stimuli at a 40 intensity level (an arbitrary unit in the machine) was measured after 1 h habituation. Stimuli were delivered 5 times to the hindpaw at 5 min intervals.
Pain test and data analysis. Pain tests and data analysis were performed in a double-blinded manner. To prevent any bias, information about the infused drugs was not exposed to either the investigator who performed the pain tests or to the evaluators. Pain responses were recorded with a CCD camera, and the results were independently analyzed by at least two evaluators. A two-tailed t test was used for statistical analysis unless otherwise specified. All values are expressed as means Ϯ SE. A p value Ͻ 0.05 was taken to be significant.
Results

Functional RyRs are expressed in TC neurons of VPM/VPL nuclei in mice
To confirm the expression of RyRs and their function as a Ca 2ϩ release channel in TC neurons, we measured the changes in [Ca 2ϩ ] i using fura-2 AM dye, a ratiometric Ca 2ϩ dye. The cells, acutely dissociated from VPM/VPL nuclei, were identified as neurons based on their cellular morphologies and response to NMDA (60 M). Treating the neurons with a high concentration of caffeine (10 mM), an activator of RyRs, induced an elevation of [Ca 2ϩ ] i in the Ca 2ϩ -free buffer, as well as in the normal extracellular buffer containing 2 mM Ca 2ϩ ( Fig. 1 A) , which indicated that the caffeine-induced [Ca 2ϩ ] i transient was caused by a Ca 2ϩ release from internal storage. The caffeine-induced [Ca 2ϩ ] i elevation was blocked by pretreating the cells with 50 M ryanodine, a highly selective blocker of RyRs (Fig. 1 B) , which indicates that the intracellular Ca 2ϩ increase by caffeine was mediated by a . ii and iv show the enlarged view of the gray box in i and iii, respectively. B, There was a significant increase in the tonic firing rate in TC neurons ( p Ͻ 0.005 by paired t test, n ϭ 8) and a decrease in AHP in the same sets of neurons ( p Ͻ 0.001 by paired t test, n ϭ 8) after ryanodine. C, Representative traces show the tonic firing of a TC neuron before (i) and after (iii) caffeine (0.5 mM). D, There was a significant decrease in the tonic firing rate in TC neurons ( p Ͻ 0.001 by paired t test, n ϭ 7) and an enhanced AHP in the same sets of neurons ( p Ͻ 0.001 by paired t test, n ϭ 7) in the presence of caffeine. E, G, Representative traces show the low-threshold burst firing of a TC neuron before (i) and after (iii) adding ryanodine (50 M) (E) and caffeine (G), respectively. F, H, The number of spikes in a burst induced after various hyperpolarizing prepulse membrane potentials before and after ryanodine (F ) and caffeine (H ). (Fig. 1C ). An application of 0.5 mM caffeine alone in the extracellular buffer did not induce either a large [Ca 2ϩ ] i transient or a significant increase in the basal level of [Ca 2ϩ ] i in TC neurons. However, the [Ca 2ϩ ] i transient induced by the 30 mM KCl solution was larger in the presence of 0.5 mM caffeine than in the control condition (167.0 Ϯ 8.9% (n ϭ 22), p Ͻ 0.001 by paired t test, Fig. 1 D) . The augmentation of the [Ca 2ϩ ] i transient by caffeine was abrogated by ryanodine (70.2 Ϯ 2.6% (n ϭ 22), p Ͻ 0.001by paired t test), indicating that the larger [Ca 2ϩ ] i transient in the presence of caffeine was mostly mediated by enhanced Ca 2ϩ release through RyRs. The RT-PCR data confirmed the expression of the mRNA of the RyR2 and 3 subtypes in VPM/VPL regions in mice, whereas the RyR1 subtype was barely expressed. Next, we investigated the role of RyRs in controlling the firing properties of TC neurons.
Thalamic RyRs control the firing pattern of TC neurons
We performed whole-cell patch clamping of individual TC neurons in the VPM/VPL nuclei in slices before and after treating with RyR modulators. Tonic firing was induced by injecting various amount of depolarizing currents to the cells held at Ϫ60 mV and low-threshold burst firing was elicited from TC neurons when the membrane potential rebounded to the holding potential (Ϫ60 mV) following the hyperpolarizing prepulses for 1 s (Fig. 2 E, F ) . Panels ii and iv provide enlarged views of the afterhyperpolarization (AHP) in the gray boxes from panels i and iii, respectively. In the presence of ryanodine (50 M), tonic spike numbers of TC neurons were increased by ϳ22% (46.5 Ϯ 1.9 to 56.5 Ϯ 2.5, p Ͻ 0.005 by paired t test, n ϭ 8; Fig. 2 A, Bi) with 400 pA depolarizing current injections. This was accompanied by a decrease in the magnitude of AHP by ϳ54% (Ϫ4.52 Ϯ 0.43 mV to Ϫ2.06 Ϯ 0.52 mV, p Ͻ 0.001 by paired t test, n ϭ 8; Fig.  2 Aii,iv,Bii). In contrast, burst firing was not affected by ryanodine (Fig. 2 E, F ) . Based on the results of the Ca 2ϩ imaging experiments (Fig. 1C) , 0.5 mM caffeine was used to test the role of enhanced Ca 2ϩ release through the RyRs in TC neurons without altering the basal level of intracellular Ca 2ϩ or depleting the internal Ca 2ϩ stores. Caffeine (0.5 mM) reduced the tonic spike numbers of TC neurons by ϳ26% (from 48.9 Ϯ 2.4 to 36.4 Ϯ 2.7, p Ͻ 0.001 by paired t test, n ϭ 7; Fig. 2C,Di) , accompanied by an increase of AHP of ϳ50% (Ϫ5.45 Ϯ 0.46 mV to Ϫ8.15 Ϯ 0.28 mV, p Ͻ 0.001 by paired t test, n ϭ 7; Fig. 2Cii,iv,Dii) . On the other hand, caffeine did not affect the low-threshold burst firing (Fig. 2G,H before and after treating the neurons with ryanodine or caffeine, respectively. Similarly, the amplitudes and half-widths of the action potentials in burst or tonic firing were not different before and after applying these drugs.
Our data show that Ca 2ϩ release through RyRs controls the tonic firing rate of TC neurons, probably via regulating the Ca 2ϩ -activated AHP, which further led us to pursue its physiological functions in vivo. The VPM/VPL nuclei for which we recorded the firing properties of TC neurons are in the pain signal transmission pathway to the cortex. Therefore, we examined whether the altered firing properties of TC neurons by RyR modulators play a role in pain signal processing.
Thalamic RyRs modulate the chemical-induced inflammatory pain responses, but not acute pain responses, in vivo
To determine the role of the thalamic RyRs in pain signal processing, we compared the pain behaviors of mice treated with an infusion of an antagonist or an agonist for RyRs into the TC relay nuclei. First, we performed acute pain assays. In the mechanical pain test, the response scores for a broad range of mechanical stimuli by von Frey filaments were not different among the mice treated with a thalamic infusion of vehicle, caffeine or ryanodine, respectively (Fig. 3A) . There was no difference in thermal pain responses in the radiant heat assay (Hargreaves's test, Fig. 3B ), either. These results suggest that these acute pain responses are not affected by the activity of thalamic RyRs in mice.
We next examined the response to the inflammatory pain induced by acetic acid or formalin injections. Acetic acid (0.6%) was injected into the peritoneal cavity of the mice to induce visceral pain using the method previously described (Kim et al., 2003) . The visceral pain responses were greater in mice infused with either ryanodine (50 M) or dantrolene (50 M), RyR blockers, into the TC relay nuclei than in mice infused with vehicle ( p Ͻ 0.05; Fig. 3C ). In addition, the mice administered an infu- sion of caffeine into the same target region showed significantly decreased visceral pain responses compared with the vehicletreated mice ( p Ͻ 0.01; Fig. 3C ). In the mice treated with a coapplication of caffeine and ryanodine, the visceral pain responses were similar to those with ryanodine or dantrolene, suggesting that the analgesic effect of caffeine mostly occurred through RyRs. In the formalin-induced pain test, subcutaneous injection of 2% formalin into a hindpaw reportedly produces a biphasic pain response of the injected paw in the mice (Rosland et al., 1990; Puig and Sorkin, 1996) . The first phase response (0 -10 min) is generally attributed to acute pain occurring by direct activation of nociceptive fibers. The second phase (10 -60 min) is considered to be persistent pain resulting from tissue inflammation and might be affected by the central and/or peripheral sensitization of nociceptive neurons. There was no difference in the first phase pain responses in the mice administered an infusion of ryanodine or caffeine compared with the mice with vehicle treatment. In contrast, the mean duration of the pain behavior in the second phase was significantly increased in the mice with the infusion of ryanodine, whereas it was decreased in the mice with the infusion of caffeine into TC relay nuclei ( p Ͻ 0.01; Fig. 3D ). These data together show that the activity of thalamic RyRs may control inflammatory pain processing in the thalamus.
Discussion
Here it has been demonstrated that thalamic RyRs control the firing pattern of TC neurons and may affect inflammatory pain sensory processing in the thalamus.
Thalamic RyRs control the tonic firing rate of TC neurons in mice
Our data show that RyR2 and RyR3 subtypes are expressed in VPM/VPL nuclei and that blocking them increases the tonic firing rate of TC neurons of these nuclei in mice. On the other hand, another study reported that RyRs are expressed in rat thalamic neurons and blocking them shifted the firing pattern of TC neurons of dorsolateral geniculate nucleus from the regular firing of single action potentials to spike clusters (Budde et al., 2000) . This discrepancy might come from the difference in species of the experimental animals or in the target nuclei in the TC relay region. RyR2 and 3 subtypes are known to release Ca 2ϩ via CICR in response to the Ca 2ϩ influx through voltage-gated Ca 2ϩ channels. Functional coupling between L-type Ca 2ϩ channels and RyRs were first found in muscle cells and later in neurons (Chavis et al., 1996) . We previously confirmed the expression of L-type Ca 2ϩ channels (Ca v 1.2 and Ca v 1.3) in VPM/VPL nuclei and showed that blocking them increased the tonic firing rate in TC neurons (Cheong et al., 2008) , which is in accord with our current findings.
A previous study suggested that RyR-mediated Ca 2ϩ release is closely linked to SK (small-conductance Ca 2ϩ -activated K ϩ ) channel opening in the somatodendritic region of cerebellar Purkinje cells (Kakizawa et al., 2007) . Our data show a similar functional coupling between RyRs and SK channels in TC neurons. Here we showed that blocking RyRs increased the tonic firing rate and a diminished AHP (Fig. 2) . We recently reported the expression of SK2 and SK3 subtypes, mediators of Ca 2ϩ -activated AHP, in VPM/VPL nuclei and demonstrated that blocking SK channels increased the tonic firing of TC neurons with no effect on burst firing (Cheong et al., 2008) . Therefore, Ca 2ϩ release through RyRs controls the firing rate of TC neurons via regulating subsequent Ca 2ϩ -activated AHP (Stocker, 2004) .
Together, these data strongly suggest that Ca 2ϩ influx through L-type Ca 2ϩ channels activated by membrane depolarization triggers additional Ca 2ϩ release from internal storage through RyRs, which in turn activates Ca 2ϩ -activated SK channels mediating AHP. This series of events would decrease the tonic firing rate of TC neurons. In addition, these might affect the firing pattern or the transition between the two firing modes in vivo.
Inhibitory role of thalamic CICR via RyRs in inflammatory pain signal transmission
The findings predict altered tactile sensation due to the altered Ca 2ϩ release via modulating RyRs in TC neurons. Although we do not know whether any of the neurons tested were nociceptive, it is possible that modulating RyRs in VPL would alter pain behavior (McCormick and von Krosigk, 1992) . The mice with infusion of caffeine into the thalamic relay nuclei indeed exhibited a reduction of inflammatory pain responses, but not acute pain responses. Previous studies also reported that the changes in TC properties altered only inflammatory pains, but not acute pains although none of these provided the exact mechanism behind this (Kim et al., 2003; Miyata et al., 2003; Cheong et al., 2008) . It is not clear however why behavioral responses to acute pain were unaffected unless the behaviors tested were primarily the result of spinal/brainstem-mediated reflexes.
It is well known that caffeine reduces the threshold for Ca 2ϩ -activation curve of RyRs, with the result that a small amount of Ca 2ϩ -influx causes a large Ca 2ϩ release via RyRs (Shankar et al., 1995; Hayek et al., 2000) . Caffeine has long been used as an adjuvant analgesic agent, especially for chronic and severe pain (Sawynok and Yaksh, 1993) . Its analgesic effect has usually been attributed to its function as an adenosine receptor antagonist (Sawynok and Yaksh, 1993) . Our data suggest that the analgesic effect of caffeine might be at least partly due to its effect on RyRs in TC relay nuclei.
Here, we have demonstrated that RyRs control the tonic firing rate in TC neurons and modulate behavioral responses to inflammatory pain. These results provide new insight into how the Ca 2ϩ release from internal stores via RyRs may contribute to the control of thalamic pain processing, and raise a potential new target for developing pain medications.
